An acceleration direction indicator is described, which is comprised of two orthogonal short cylinders of fluid, each with a small bubble. The motion and the position of the bubble within the chamber will indicate the direction of the acceleration experienced at the sensor location.
The direction of the acceleration vector may then be calculated from these data. The frequency response of such an instrument may be tailored for particular experiments with the proper selection of fluid and gas parameters, surface type, and geometry. A threedimensional system for sensing and displaying the lowfrequency acceleration direction via an innovative technique described in this paper has advantages in terms of size, mass, and power compared with electronic instrumentation systems. 
Glossary

INSTRUMENT DESIGN
The Quasi-steady Acceleration Direction Indicator Performing a force balance for the bubble leads to an expression for the acceleration of the bubble when exposed to an acceleration, g.
At the terminal velocity, Vbt , acceleration and drag forces balance, so that
The terminal velocity is then
For this configuration and velocity,
Re = 10 -4 <<1.
Therefore, in a step-wise calculation with n denoting an iteration number, the velocity is given by dV n
We have based our calculations on an off-the-shelf fluid level sensor. The chamber, of radius Rc = 1.3 cm, is filled with water and an air bubble with a radius Rb of approximately 3.5 mm. The system is subjected to an acceleration of 1 _g with various step changes in orientation.
For a bubble which is free within the fluid, typicalscenarios, the freelymovingbubblewill be moving through thefluidatterminal velocity.
Constrained bubble motion
When motion of the bubble is constrained by the wall, the position of the bubble is shown in figures 2 and 4 and defined by:
Only the tangential acceleration component drives the bubble motion, so that the g in equations (1) and (2) is reduced to the tangential component,
The new bubble position after a small time increment, At, is:
In cartesian coordinates, the position is given by:
The effect of the wall is clearly evident in figure 5 for 0f-0 i = rt/2, which shows the azimuthal position of the bubble as a function of time. here. For Of-0 i = 54 degrees, the bubble reaches 99% of its equilibrium position at 1489 seconds (which may be a needlessly conservative estimate). For step changes on the order of 10 degrees, the response time is reduced to 1078 seconds.
Free bubble motion
For a bubble away from the chamber wall, the bubble motion direction is determined by the acceleration vector direction.
For a bubble against the chamber wall at the initiation of an acceleration step change with rt / 2 < I_1 -< rt, the bubble moves away from the wall and continues freely through the liquid until contacting the wall again. Free motion through the liquid means that one of the following is true:
The distance travelled by the bubble over a time step, At is:
The coordinates for the new bubble position are given by: 
The bubble reaches the wall at an angle of = At this point, the bubble is constrained by the wall, and the calculation of bubble position with time proceeds using the analysis for a confined bubble above.
Although it is unlikely that a severe step change of the sort described here will be realized on the International Space Station, we have also examined many of these scenarios. An example is shown in figure  6 , documenting the azimuthal position history for 0f -0 i = 160°. The bubble lifts off from its resting position at 0 i = 0 in the direction of Of. The bubble meets the chamber wall at 0 w = 140 degrees. Note that there is a significant period during which the bubble travels relatively speedily at ternfinal velocity. Its motion slows down, as expected, once it is confined by the wall. It reaches 99% 0fat 1682 seconds.
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The choice ofchamber andbubble geometry and the fluidsused candecrease theresponse time,asdeemed necessary.
Prototype
An initial prototype, figure 1, was fabricated acceleration due to the increasing velocity through the air. Initially, the bubble in the vertical plane was at the top of the chamber due to gravity. As soon as the carrier was released to fall, the bubble was observed to move toward the center of the indicator but remained above the outer ring of the indicator, figure 7a. The bubble on the horizontal surface remained in the same approximate position during the drop. This captive test was repeated four times with similar results each time.
The prototype was then dropped in the free fall condition with the experiment carrier separate from the drag shield to minimize the aerodynamic drag on the experiment carder. Initially, the bubble on the vertical two-dimensional indicator chamber was at the top of the chamber due to gravity. As soon as the carrier was released to fall, the bubble was observed to move toward the center of the indicator and crossed the outer ring of the indicator, figure 7b . The bubble on the horizontal surface remained in the same approximate position during the drop. This free fall test was repeated three times with similar results each time.
When the payload is released in the drop tower, the system undergoes a marked step change in its acceleration magnitude, although the primary component of the acceleration is still vertically down. Some off-axis jitter is present and may be appreciable.
The delicate balance of the bubble weight and buoyancy of the bubble, the fluid inertia, and the surface tension force due to bubble distortion and the available area for wetting is severely disrupted. We would expect that the higher-density preferentially wetting water may result in significant fluid flows as a result of the impulsive variation in acceleration and the variation in density between the two fluids. The precise quantification of the forces involved can not be captured in a simple numerical analysis such as is presented here. The frontto-back separation at the edge of the chamber, which is less than the bubble diameter, causes the bubble to foml a resting oblate shape at I g, as depicted in Figure 8 . As the bubble moves downward after the drop, the front-toback separation in the chamber relaxes, allowing the surface tension forces to create a spherically shaped bubble. We expect that as the hydrostatic and dynamic pressures equilibrate in the chamber, the bubble would move back up to the top of the chamber. If the bubble moves down to 0.40 R', buoyant forces would require about 187 seconds to bring the bubble back up to its equilibrium position at the top of the chamber, much longer than is allowed in the experiment.
This centering action provided by the tapered chamber thickness at the edges is not desired for a microgravity device. The chamber would be fabricated with parallel front and back surfaces and a separation distance greater than the bubble diameter.
IMPLEMENTATION
Data acouisition and analysi_
Data acquisition may be accomplished by video captured at a prescribed rate, depending on the desired frequency response. For low-frequency response, the frame rate would be quite slow relative to standard video and therefore could conceivably be sent to a ground station by interleaving in other video data streams.
The bubble position can be determined frame-byframe by a computer image processing algorithm which would detect the bubble edges and calculate the bubble centroid location. To evaluate this concept, these data will be compared with data measured with a lowfrequency accelerometer.
Enhancements and optiong
The basic concepts of the Quasi-steady Acceleration Direction Indicator may be applied in several different ways which will be explored in the future. Using transparent containers, these cylindrical chambers may be stacked so that more than one chamber/bubble combination may be observed simultaneously. This
wouldallowtwo (or more)chambers with different response characteristics tobeobserved simultaneously. Alternately, abubble withspecific gravity lessthan thefluidanda particle witha specific gravitygreater thanthefluidcould becombined inonechamber.
ISS MICROGRAVITY ENVIRONMENT
Requirements for environment
The requirements imposed on the ISS vehicle during microgravity mode operations include constraints on the amount of acceleration to which the science experiments are exposed. 
